Abstract Reactive oxygen species (ROS) and antioxidants are essential to maintain a redox balance within tissues and cells. Intracellular ROS regulate key cellular functions such as proliferation, differentiation and apoptosis through cellular signaling, and response to injury. The redox environment is particularly important for stem/progenitor cells, as their self-renewal and differentiation has been shown to be redox sensitive. However, not much is known about ROS and antioxidant protein function in freshly isolated keratinocytes, notably the different keratinocyte subpopulations. Immunostaining of neonatal cutaneous sections revealed that antioxidant enzymes [catalase, SOD2, gluthatione peroxidase-1 (GPx)] and ROS are localized predominantly to the epidermis. We isolated keratinocyte subpopulations and found lower levels of SOD2, catalase and GPx, as well as decreased SOD and catalase activity in an epidermal side population with stem cell-like characteristics (EpSPs) compared to more differentiated (Non-SP) keratinocytes. EpSPs also exhibited less mitochondrial area, fewer peroxisomes and produced lower levels of ROS than Non-SPs. Finally, EpSPs were more resistant to UV radiation than their progeny. Together, our data indicate ROS and antioxidant levels are decreased in stem-like EpSPs.
Introduction
The epidermis is a stratified cornified epithelium that is constantly shed into the environment. Keratinocytes in the basal layer of the epidermis proliferate and migrate upwards, flatten, lose their nuclei, and die. This program of terminal differentiation is executed throughout the lifetime of an organism, and is possible only because of the presence of undifferentiated epidermal stem cells or progenitor cells with high proliferative capacity (Potten and Morris 1988) . In the skin, stem cells have been localized in the hair follicle bulge and in the basal layer of the epidermis (Cotsarelis et al. 1990; Bickenbach 1981; Li et al. 1998) . Although biochemical markers to recognize epidermal stem cells have been identified (Tani et al. 2000; Trempus et al. 2003; Liu et al. 2003; Pellegrini et al. 2001; Jiao et al. 2004; Jaks et al. 2008) , challenges remain to isolate live epidermal stem cells. We and others have previously shown that the use of fluorescent dyes in conjunction with flow cytometry allowed the isolation of a cellular population termed side population (SP) (Goodell et al. 1996) with epidermal stem cell characteristics (EpSPs) (Redvers et al. 2006; Trempus et al. 2003; Jiao et al. 2004; Dunnwald et al. 2001) . Homeostasis of the epidermis is dependent on stem and progenitor cell renewal and their renewal and fate are influenced by numerous intrinsic and extrinsic factors, including the microenvironment (Xie and Spradling 2000; Li and Xie 2005) . One aspect of the microenvironment is the presence of reactive oxygen species (ROS) that can directly affect cellular self-renewal and differentiation (Smith et al. 2000; Pervaiz et al. 2009; Juntilla et al. 2010) .
ROS such as hydrogen peroxide and superoxide are primarily generated within the mitochondrial inner membrane, as some electrons leak from the mitochondrial electron transport chain and rapidly react with oxygen to form free radicals (Droge 2002; Moldovan and Moldovan 2004; Das et al. 1989) . Under conditions of oxidative stress where levels of ROS are imbalanced with antioxidants, ROS can be detrimental to the cell itself. However, under homeostatic conditions, evidence suggests that ROS are critical to multiple signal transduction pathways by acting as second messengers (Monteiro and Stern 1996; Droge 2002) .
Antioxidant proteins, such as superoxide dismutase (SOD), are one line of defense that cells use to regulate the amount of ROS within the cell. Manganese superoxide dismutase (SOD2 or MnSOD) is localized to mitochondria while copper-zinc superoxide dismutase (SOD1 or CuZnSOD) is primarily found in the cytoplasm (Zelko et al. 2002) . These intracellular SODs convert superoxide into hydrogen peroxide. Catalase and glutathione peroxidase-1 (GPx), mainly located in the peroxisome and cytoplasm, respectively, reduce H 2 O 2 into water and oxygen (Moreno et al. 1995) . A decrease in antioxidant proteins or an increase in ROS can lead to conditions of oxidative stress (for review see Droge 2002) . Oxidative stress has been linked to aging (Harman 1956 ) as well as many diseases and degenerative disorders such as diabetes (Giacco and Brownlee 2010) , cancer (Oberley 2002) , and amyotrophic lateral sclerosis (ALS) (Baillet et al. 2010 ).
There have been numerous studies on oxidative stress and skin regarding exposure to chemical and environmental pollutants and how ROS may contribute to multiple skin diseases and conditions (Trouba et al. 2002) . However, very few studies have evaluated the normal homeostatic levels of ROS and antioxidant proteins in healthy (or non-diseased) epidermis (Hornig-Do et al. 2007 ) and ROS in the context of stem/progenitor cells (Stern and Bickenbach 2007) . Therefore, the aim of our study is to determine the redox microenvironment of freshly isolated (non-cultured) epidermal progenitor cells and their more differentiated progeny obtained from murine epidermis. We have previously defined our EpSPs and Non-SPs cell populations and showed that the EpSPs have characteristics of undifferentiated cells, while NonSPs have characteristics of more differentiated progenitor cells (Jiao et al. 2004; Oberley et al. 2008; Dunnwald et al. 2003) . The results of our study presented here show that EpSPs have decreased antioxidant protein levels and enzymatic activity and produce less ROS compared to their progeny. In addition to these characteristics, EpSPs possess less mitochondrial area and fewer peroxisomes than Non-SPs.
Materials and methods

Isolation and culture of epidermal cells
Murine epidermal cells and subpopulations were isolated as previously described (Oberley et al. 2008; Jiao et al. 2004) . Briefly, back skin from 1-to 2-day-old C57BL/6J mice was removed and incubated in trypsin 0.25% at 4°C overnight. The epidermis was then separated from the dermis, and epidermal cells obtained by gentle agitation in culture medium. This cellular population will be referred as unsorted. Unsorted cells are incubated in Hoechst (2.5 lg/ ml; Sigma, St-Louis, MO) for 90 min at 37°C. The cellular suspension was spun down and cells resuspended in propidium iodide (0.5 lg/ml; Sigma). Cells are separated into EpSPs and Non-SP populations using a Becton-Dickinson FACSDiVa cell sorter with band filter settings previously described (Jiao et al. 2004 ) and shown in Fig. 1 . The smallest 25th percentile of the cells are gated in P2 (Fig. 1) , and the verapamil-sensitive population containing low Hoechst red and blue sorted as EpSPs (Jiao et al. 2004) . EpSPs represent about 1-5% of the total epidermal population. The Non-SP cells are bigger cells (P3 gate) with low Hoechst red content and represent about 15-20% of the epidermal population (Fig. 1) .
For colony forming efficiency assay, EpSPs and Non-SP cells were grown as previously described (Oberley et al. 2008) . One thousand keratinocytes in passage one were plated per 60 mm dishes in the presence of 3 9 10 5 mitomycin C-treated J2 3T3 fibroblasts. Twenty-four hours later, dishes were exposed to 5 J or 10 J of UV radiation, or left untreated. The media was changed bi-weekly and the cells were fixed and stained after 14 days as previously reported (Rheinwald and Green 1975) . The number of colonies was counted and colony forming efficiency calculated.
Western blot analysis and quantitative RT-PCR
Protein from EpSPs and Non-SP pellets was extracted in 0.05 phosphate buffer saline solution, pH 7.8. Twenty micrograms of protein was loaded on 10% acrylamide gel and transferred to PVDF membrane. Immunodetection was performed using enhanced chemiluminescence detection reagents (Amersham, Piscataway, NJ). Antibodies used in the studies are: rabbit anti-SOD2 1:1,000 (UpState, Lake Placid, NY); rabbit anti-SOD1 1:2,000 (Upstate, Lake Placid, NY); rabbit anti-glutathione 1 (GPx) 1:2,000 (LabFrontier, Seoul, Korea); rabbit anti-catalase 1:2,000 (LabFrontier); anti-b-actin 1:2,000 (Sigma) as a loading control for western blot analysis; secondary horseradish peroxidase-conjugated goat anti-rabbit IgG (1:10,000, Chemicon, Temecula, CA).
Messenger RNA was extracted from EpSPs and Non-SP pellets using a RNeasy Mini Kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions and as previously described (Oberley-Deegan et al. 2010 ). The TaqMan RNA-to-C T 1-Step Kit (Applied Biosystems (ABI), Foster City, CA, USA) was used according to the manufacturer's instructions with ABI TaqMan primers for Sod1, Sod2, Catalase, GPx and Gapdh. Relative SOD1, SOD2, catalase and GPx mRNA levels were assessed by the comparative quantitation method and calculated differences in mRNA expression were determined according to the manufacturer's User Bulletin 2 (October 2001, ABI).
Immunodetection
Immunofluorescence was performed as previously described using frozen sections of unfixed 1-to 2-day-old murine back skin (Michel et al. 1996) . Frozen cross-sections (5 lm) from neonatal back skin were incubated in the same primary antibodies as described above, with different working dilutions (rabbit anti-SOD2 1:500 (UpState, Lake Placid, NY); rabbit anti-GPx 1:500 (LabFrontier, Seoul, Korea), or rabbit anti-catalase 1:500 (LabFrontier). Detection was performed using secondary Alexa 568-conjugated goat anti-rabbit IgG (1:200, Molecular Probe, Eugene, OR). Nuclear DNA was labeled with DAPI. Slides were viewed under an E800 Eclipse Epifluorescence Nikon microscope equipped with a RT-Slider camera and pseudocolorized.
SOD and catalase activity gel
Sorted cells were isolated and protein was extracted as described above. EpSPs and Non-SPs cellular extracts were diluted 1:1 in loading gel buffer. The SOD activity gel assay was performed as described previously (Weydert and Cullen 2010) . SOD activity gels cannot distinguish between SOD1 and SOD2 activity, therefore we will use an undefined terminology and use 'SOD activity' with the understanding that it could refer to SOD1, SOD2 or both activities. Briefly, proteins were natively electrophoresed on a 10% Tris/HCl gel at 100 V for 3 h. The gel was incubated in 2.34 mM nitro blue tetrazolium, 28 mM TE-MED and 2.8 9 10
-5 riboflavin for 20 min in the dark. The gel was washed excessively in water and then exposed to light until achromatic bands formed. The native catalase activity gel assay was performed as previously described (Du et al. 2006) . Samples were run in 8% native bisacrylamide and 5% acrylamide stacking gels at 40 mA for 3 h at 4°C in pre-electrophoresis running buffer, then 2-3 h in electrophoresis buffer as originally described (Beers and Sizer 1952) . The gel was washed in distilled water for 10 min, then incubated in 0.003% H 2 O 2 in double distilled water for 10 min, washed again in dd H 2 O, and stained with 2% ferric chloride and 2% potassium ferricyanide. Densitometry of the gel was performed using ImageJ NIH software. Transmission electron microscopy and morphometric analysis
For the visualization of the mitochondria, pellets of EpSPs and Non-SPs were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate overnight at 4°C and embedded in Epon as previously described (Michel et al. 1999) . Seventy microns thick sections were visualized using a Hitachi TEM JEOL 1230. Pictures were taken at 1,0009 magnification. Using ImageJ NIH software, cellular area, mitochondrial area and nuclear area were determined. Nuclear area was subtracted from the cellular area to obtain the cytoplasmic area. Percentage of mitochondrial area per cytoplasmic area was calculated.
For the visualization of the peroxisome, pellets of EpSPs and Non-SPs were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate overnight at 4°C, washed, then incubated in 0.25% diaminobenzidine for 1 h. Pellets were fixed in osmium and embedded in Epon as described above. Seventy microns thick sections were visualized using a Hitachi TEM JEOL 1230. Sections were collected at 20 lm intervals to insure that different cells were analyzed. The number of peroxisomes per cell in each group was counted using low power digital images. About 120 cells (2 or 3 independent experiments) per group were analyzed.
Reactive oxygen species detection by dihydroethidium (DHE)
The oxidation of dihydroethidium by ROS generates a red fluorescent compound that can be visualized under a 570 nm fluorescent light. Frozen neonate skin sections and freshly isolated cells obtained as described above were incubated in 1 lM DHE for 15 min at room temperature in the dark. After washing the slides for 2-3 min in PBS, cells and tissue sections were quickly rinsed in PBS and fluorescence was observed using an E800 Eclipse Epifluorescence Nikon microscope equipped with a RT-Slider camera. Images were acquired in black and white and taken at the same exposure time. Fluorescent intensity of the digital images was quantified using ImageJ NIH software. Three experiments with technical and biological replicates were performed and a total of over 500 cells per group were scored.
Statistical analysis
Statistical evaluation was determined using Student's t test with Welch's correction with a P-value smaller than 0.05 for two data sets.
Results
ROS and antioxidant proteins are more abundant in the epidermis than the dermis
In order to evaluate the localization of antioxidant proteins in murine skin under normal homeostatic conditions, we performed immunostaining of frozen unfixed neonatal cutaneous sections for glutathione peroxidase-1 (GPx), catalase and SOD2 (Fig. 2) . All of these antioxidant proteins were predominantly expressed in epidermal cells (interfollicular epidermis and hair follicle) with a reduced or undetectable level of expression in the dermal compartment of the skin, including fibroblasts and the microvasculature. GPx was detected throughout all the epidermal layers, with reduced expression in the dermis (Fig. 2a-c) .
In the basal layer of the epidermis, the protein was concentrated on the apical side of the cells (Fig. 2a, insert) . SOD2 was limited to the basal layer of the epidermis (Fig. 2d-f) . Catalase was restricted to the epidermal compartment with intense staining in the granular layer ( Fig. 2g-i) . We did not detect the presence of SOD1 on these sections (data not shown).
In situ detection of ROS by fluorescent microscopy of oxidized dihydroethidium showed signal in both dermal and epidermal compartment, with apparent stronger signal in keratinocytes compared to fibroblasts (Fig. 2j-l) .
Together, these data show that under normal homeostatic conditions, antioxidant proteins of the skin are mainly localized in epidermal cells. Furthermore, ROS appeared produced at higher levels in the epidermal tissue than in the dermal extracellular matrix. Thus, our results indicate more active redox biology in the epidermal compartment than the dermal compartment.
Antioxidant protein levels are lower in EpSPs than more differentiated keratinocytes To gain insights at the level of antioxidant proteins in different epidermal subpopulations, we flow-sorted epidermal side population (EpSPs) keratinocytes from their more differentiated progeny (Non-SP cells). Real-time PCR indicated the presence of SOD1, SOD2, catalase and GPx mRNA in both populations. No statistical significant difference among EpSPs and Non-SP cells were detected, although a trend toward lower amount of SOD2 and catalase in EpSPs were observed (Fig. 3a) . Western blot analysis confirmed the presence of GPx, catalase and SOD2 in total unsorted epidermal extracts (data not shown), while we could not detect SOD1 with our antibody. Levels of all three antioxidant proteins were lower in the EpSPs compared to Non-SP cells (Fig. 3b, c) .
Particularly, catalase was almost undetectable in the EpSPs compared to Non-SPs. These data indicate that, overall, EpSPs have lower levels of antioxidant proteins than their differentiated progeny.
SOD and catalase activities are lower in EpSPs than other keratinocytes
Western blot analysis showed about three-to fourfold decreased catalase and SOD2 protein levels in EpSPs compared to unsorted keratinocytes (Fig. 3) . Though both antioxidant protein levels were decreased, we needed to determine their enzymatic activity. We saw decreased SOD and no catalase activity in the EpSPs compared to Non-SP cells (Fig. 4a, b ). These data demonstrate that both enzymatic activities were low in undifferentiated keratinocytes. Together with our western blot results, our findings demonstrate that SOD2 and catalase protein levels and SOD and catalase enzymatic activities were highly decreased in EpSP cells compared to more differentiated keratinocytes.
The cytoplasm of EpSPs contains less mitochondrial area compared to more differentiated Non-SP cells As SOD2 is only expressed in mitochondria (Weisiger and Fridovich 1973) , and has lower expression in EpSPs compared to Non-SPs (Fig. 3) , we decided to evaluate the area of mitochondria within the cytoplasm of a cell. Pellets of EpSPs and Non-SPs were fixed for transmission electron microscopy and sections performed. Digital images of EpSPs and Non-SPs were used for morphometric analysis. EpSPs and Non-SPs exhibited similar morphological characteristics, including similar mitochondrial morphology (Fig. 5a-d) . However, cellular area of EpSPs was significantly reduced compared to Non-SPs (EpSPs: 23.35 arb. units (AU) ± 1.6, n = 61; Non-SPs: 30.3 AU ± 1.2, n = 59; P \ 0.001). This was expected, as our initial flow gate comprises the smallest 25th percent of the total keratinocytes, and a small cellular size is one of the characteristics of undifferentiated keratinocytes (Barrandon and Green 1985) . By tracing the total area of the mitochondria in the EpSPs and Non-SPs, we found that the percentage of mitochondrial area per cytoplasmic area was significantly decreased in EpSPs compared to Non-SPs (Fig. 5g) . These data indicate that mitochondria occupy less cytoplasmic area in undifferentiated epidermal cells compared to their more differentiated progeny.
EpSPs have fewer peroxisomes than Non-SPs
To determine if the decreased catalase activity and lower antioxidant protein levels exhibited by EpSPs (Figs. 3, 4 ) were associated with ultrastructural differences, we determined the number of peroxisomes per cell in EpSPs and Non-SP cells. Peroxisomes can be easily identified by transmission electron microscopy as they become black after diaminobenzidine incubation (Fig. 5e, f) . As shown in Fig. 5h , we did not find difference between EpSPs and Non-SPs for low number of peroxisomes. However, almost no EpSPs had more than 2 peroxisomes (P \ 0.05) compared to Non-SPs. The mean number of peroxisomes per cell was lower in EpSPs (0.22) compared to Non-SPs (0.33). However, these data were not statistically significant. Together, these data suggest that differences between the two groups were only significant for numerical density [2 ([2 peroxisomes per cell).
EpSPs produce less ROS than other epidermal subpopulations
In order to determine the intracellular ROS levels in the different epidermal subpopulations under normal homeostatic conditions, we measured the fluorescent signal of oxidized dihydroethidium immediately after cells were flow-sorted. As the fluorescence is directly proportional to the amount of ROS present in the cell, we took pictures under identical conditions to insure accuracy of the analysis. Our results presented in Fig. 6 show lower levels of oxidized DHE in the EpSPs compared to the other epidermal subpopulations. Quantification of the intensity of the fluorescent signal shows a twofold reduction in the oxidation intensity of DHE in EpSPs compared to Non-SPs. Therefore, our data suggest a decreased level of ROS in undifferentiated keratinocytes.
EpSPs are more resistant to UV radiation than Non-SPs Ultraviolet radiation is known to generate free radicals leading to the formation of ROS in the epidermis that can cause DNA damage with oncogenic potential. Because catalase, SOD2 and GPx protein levels were low and catalase and SOD activities were low in freshly isolated (non-cultured) EpSPs, we asked whether EpSPs would be more susceptible to UV radiation (Fig. 7) . We cultured keratinocytes and used their ability to form colonies [colony forming efficiency (CFE) assay] as a read out for the experiment. We observed that EpSPs were more resistant to radiation (5 J) compared to Non-SP cells (4.5-fold increase in EpSPs over Non-SPs, P \ 0.05). Although a similar trend was observed at 10 J, the data was not significant (P = 0.38).
Discussion
Reactive oxygen species and antioxidants levels determine the redox state within tissues and cells. Furthermore, numerous critical cellular functions are sensitive to the redox environment. Particularly, intracellular ROS regulate key cellular functions such as proliferation, differentiation and apoptosis, and therefore are critical for cellular signaling. Redox biology is essential to many cell types, including stem/progenitor cells, as it plays a role for their self-renewal and has implications for their differentiation and fate (Owusu-Ansah and Banerjee 2009). In our current study, we focused on murine epidermal keratinocytes, particularly an undifferentiated population (EpSPs) that we previously characterized as having stem cell-like properties (Dunnwald et al. 2001; Jiao et al. 2004; Oberley et al. 2008 ). We took a global approach and asked, in the context of the epidermis, what was the redox microenvironment of freshly isolated subpopulations. We focused on cells that were never placed in culture, to mimic as much as possible the homeostatic physiological state and avoid in vitro culture artifacts. Our data show that EpSPs have lower antioxidant protein levels (catalase, SOD2, and gluthatione peroxidase-1), decreased SOD and catalase activity, and produce less ROS, compared to the more differentiated Non-SPs. These data were complemented by ultrastructural analyses to determine mitochondrial area and peroxisome number.
We first investigated where antioxidant enzymes were present in the skin, as to our knowledge no previous report exists for murine skin. We were unable to detect SOD1, which could be related to technical difficulties with the antibody. However, SOD2 was found in the epidermis, and in some dermal cells. We found strong expression in the basal and granular layer. These results are slightly different than the one reported for adult human skin (Hornig-Do et al. 2007 ) and could be due to a species difference or an age difference, as our studies were done with neonatal murine back skin. GPx was expressed throughout the epidermis and dermis as previously described in human cutaneous sections, with an apical localization in the basal layer. Catalase was strongly expressed in the granular layer, one of the outermost layers of the epidermis. Although this enzyme plays a role in defending the organism against stress, it may not be essential to epidermal defense and development, as mice lacking catalase developed normally and responded to oxidant injury similar to wildtype animals (Ho et al. 2004) . Nevertheless, its expression in the granular layer fits with a protective function against outside ultraviolet radiation, as reported with human keratinocytes in culture and in bioengineered skin (Rezvani et al. 2006 (Rezvani et al. , 2007 , and also in bioengineered skin made with keratinocytes from patients with xeroderma pigmentosum (Rezvani et al. 2008) . It is paradoxical that our EpSPs, which have very low levels and low activity of SOD and catalase, are more resistant to UV radiation than their progeny. This apparent discrepancy could be due to in vitro culture artifacts, as our SOD and catalase data were obtained with freshly isolated cells. Alternatively, EpSPs could upregulate compensatory mechanisms, like the Nuclear-EF2 related factor 2 pathway, to resist UV radiation better than their progeny. The Nuclear-EF2 related factor 2 pathway is a major UV cytoprotector (Schafer et al. 2010b ) and activation of Nrf2 target genes strongly reduced UVB cytotoxicity through enhancement of ROS detoxification (Schafer et al. 2010a) .
Different populations of keratinocytes have been identified within the epidermis, and their antioxidants and ROS levels are unknown. We were particularly interested in characterizing the levels of these molecules in the EpSPs and their more differentiated progeny, the Non-SP cells. These two populations of keratinocytes are isolated from the basal layer and separated based on their Hoechst dye exclusion properties. EpSPs have characteristics of undifferentiated keratinocytes: they exclude the Hoeschst dye, they have a long lifespan and recapitulate an epidermis in a tissue engineered model, and they are slow cycling (Dunnwald et al. 2001 (Dunnwald et al. , 2003 . We already know from our previous work that the vast majority of EpSPs are in the G0/G1 phase of the cell cycle and have increased levels of p27 kip1 (Dunnwald et al. 2003) . Increased levels of p27 kip1 have also been reported after murine embryonic fibroblasts were treated with a thiol-antioxidant, shifting the intracellular redox state toward a more reducing environment (Menon et al. 2003) . Additional data demonstrated that the cell cycle checkpoint between G0/G1 and S-phase is redoxsensitive and a more oxidizing environment is necessary for cells to initiate proliferation (Sarsour et al. 2005) . Our current studies indicate that EpSPs produce low levels of ROS, as detected by dihydroethidium, and that at least two of the antioxidant enzymes, SOD and catalase, are functionally down-regulated. Although one would expect that low levels of antioxidants lead to higher levels of ROS, one could also argue that the levels of antioxidant enzyme are low because of low levels of ROS production, which is required for maintaining genomic stability (Li and Marban 2010) . Also, we cannot exclude the possibility that enzymatic activity itself may be modulated by signaling or metabolic molecules, regardless of the protein level. This overall low redox environment might allow sensitivity to ROS as a differentiating signal in the context of injury and wound healing. This model would be consistent with previously reported studies, where an increase in hydrogen peroxide in hematopoietic stem cells caused stem cells to exit from their normal quiescent state (Ito et al. 2006 ) and more oxidized oligodendrocytes were more readily induced to differentiate (Noble et al. 2005) . Many aspects of cellular respiration and energy production take place in mitochondria and mitochondria are a major source of intracellular ROS. Antioxidant proteins are critical to the maintenance of redox homeostasis in mitochondria. We observed significant differences in SOD2, catalase and GPx protein levels. Because enzymatic activity assay requires substantial amount of cells, we focused on SOD2 and catalase based on the difference in Fig. 7 EpSPs are more resistant to UV radiation than Non-SPs. Colony forming efficiency of EpSPs and Non-SPs was calculated after 5 and 10 J. Data are average ± SEM. *P \ 0.05 by t test between EpSPs and Non-SPs Histochem Cell Biol (2011) 135:293-304 301 their levels between EpSPs and Non-SPs. Both enzymes showed significant differences between the two groups. Consistent with the notion that undifferentiated cells have fewer organelles (He et al. 2004b; Larouche et al. 2008) , including mitochondria and peroxisomes, and that differentiation is sensitive to mitochondrial content (von Wangenheim and Peterson 1998), we investigated the proportion of mitochondrial area in each subpopulations. We found a decreased cytoplasmic mitochondrial area in EpSPs compared to Non-SPs. Additionally, we could not find EpSPs with two or more peroxisome per cell, whereas Non-SPs with at least two peroxisomes were clearly visible. Of note, catalase is mainly expressed in the peroxisome, and the increased number of peroxisome per Non-SPs correlate with the increased level of catalase observed in western blot. Together, these data indicate that the notion that undifferentiated cells have fewer organelles also applies to keratinocyte progenitors. We next wanted to determine if the low level of ROS production and low level of antioxidants in EpSPs affect their resistance to oxidative stress. Our results using UV radiation as the stress inducer show that EpSPs were capable to form keratinocyte colonies at a dose when NonSPs cells could not, suggesting they are more resistant to UV-induced oxidative stress than Non-SPs. These results complement our previous work using the same isolated side population to promote ischemia repair and angiogenesis and survive necrotic and ischemic environment (Jiao et al. 2004 ). The overall resistance to oxidative stress by undifferentiated cells may appear to be a general characteristic of these cells, as endothelial progenitor, neuronal progenitor and other stem cells have shown increased resistance to multiple types of oxidative stress (Ivanova et al. 2002; He et al. 2004a; Ingram et al. 2007; Madhavan et al. 2006) .
In summary, our data provide new evidence that keratinocytes are not homogenous in their redox machinery and environment. The suggested low levels of antioxidants and ROS production by EpSPs may be critical to stem maintenance, insure their proliferative capacity, and prime them to rapidly respond to tissue damage. Further, resistance of EpSPs to oxidative stress may allow and enhance their efficacy in novel cell-based tissue repair therapies, particularly in the context of diabetes or chronic leg ulcers.
